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Control Strategy for a Hand Balance
Maurice R. Yeadon and Grant Trewartha
The goal of this study was to investigate the control strategy employed by 
gymnasts in maintaining a hand balance. It was hypothesized that a “wrist 
strategy” was used in which perturbations in the sagittal plane were corrected 
using variations in wrist flexor torque with synergistic shoulder and hip 
torques acting to preserve a fixed body configuration. A theoretical model of 
wrist strategy indicated that control could be effected using wrist torque that 
was a linear function of mass center displacement and velocity. Four male 
gymnasts executed hand balances and 2-dimensional inverse dynamics was 
used to determine net joint torque time histories at the wrist, shoulder, and 
hip joints in the sagittal plane. Wrist torque was regressed against mass center 
position and velocity values at progressively earlier times. It was found that 
all gymnasts used the wrist strategy, with time delays ranging from 160 to 240 
ms. The net joint torques at the shoulder and hip joints were regressed against 
the torques required to maintain a fixed configuration. This fixed configuration 
strategy accounted for 86% of the variance in the shoulder torque and 86% of 
the variance in the hip torque although the actual torques exceeded the predicted 
torques by 7% and 30%, respectively. The estimated time delays are consistent 
with the use of long latency reflexes, whereas the role of vestibular and visual 
information in maintaining a hand balance is less certain.
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Introduction
From a link system perspective, a standing human comprises a mechanically 
unstable system. In order to maintain a “vertical orientation,” the movement of 
the mass center must be controlled (Horak & MacPherson, 1996). Horstmann 
and Dietz (1990) state that the mass center must remain vertically above the 
base of support in order to prevent falling, and while this requirement may not 
be necessary, it is certainly sufficient. This result is achieved by the generation 
of a series of muscular actions that work to produce torques about joints that 
maintain various body configurations and control the movement of the mass center 
(Hayes, 1988). These corrective torques arise from the visco-elastic nature of the 
muscle-tendon complexes crossing the joints (Horak & MacPherson, 1996) and 
responses to information provided by muscle receptors, joint receptors, cutaneous 
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mechanoreceptors, vision, and the vestibular apparatus (Winter et al., 1990).
Two strategies have been identified in responses to perturbations of the support 
surface during stance. When the body sways forward in response to a backward 
movement of the supporting surface, the ankle strategy comprises a delayed 
activation of ankle extensors, knee flexors, and hip extensors, while the hip strategy 
consists of activation of the knee extensors and hip flexors (Horak & Nashner, 
1986). The two strategies may therefore be differentiated using the direction of hip 
torque. The ankle strategy is most useful for small slow perturbations, while the 
hip strategy is used for large or rapid perturbations or when the base of support is 
small, and little ankle torque is available (Horak & Nashner, 1986).
The use of these two strategies for controlling quiet stance has been modeled 
using single joint link systems representing the human body (Camana et al., 1977; 
Hemami et al., 1978; Wu & Zhao, 1997). More general models with three or four 
joints (Barin, 1989; He et al., 1991; Kuo, 1995) have been used to investigate control 
systems in which the controlling joint torques are linear functions of joint angles 
and angular velocities. The resulting matrices of gain coefficients are often difficult 
to interpret and are subject to wide variance. An interpretation of control strategy 
in terms of some simple criterion such as mass center behavior might provide more 
insight. Some models have incorporated representations of the vestibular apparatus 
(Camana et al., 1977; Hemami et al., 1978). The feedback time delays in these 
models range from zero to 400 ms, although none has been used to determine the 
delay in experimental situations.
The time delays inherent in the various response possibilities are near zero for 
muscle visco-elasticity, 45–50 ms before the onset of EMG for myotatic reflexes 
(Nashner, 1976), 50–70 ms for tonic reflexes (Wu & Zhao, 1997), 100–150 ms for 
long latency reflexes (Nashner, 1979), and 180–200 ms for visual and vestibular 
information (Nashner, 1976). In addition, there will be a further delay after the 
onset of EMG before the required joint torque is reached. Freund and Budingen 
(1978) found that the rise time of the fastest voluntary contractions of hand and 
forearm muscles was around 100 ms and was independent of the strength of the 
contraction and of the range of movement. The times for the force to rise successive 
thirds were 40, 20, and 40 ms, and the rise time corresponding to maximum rate 
of rise was 55 ms.
In a hand balance, the body is in an inverted posture and the equivalent of 
ankle and hip strategies will be wrist and hip (or shoulder) strategies. Since the aim 
of a hand balance in gymnastics is to remain motionless, it might be expected that 
a wrist strategy would be used in which the whole body remains in a near vertical 
fixed configuration. On the other hand, since the base of support is small, it may 
be necessary to use a hip strategy. When learning a hand balance, use is certainly 
made of vision, although this may be mainly to help calibrate the proprioceptive 
systems for a novel task (Gibson, 1958). In the learning stages, it is likely that 
vestibular input is also used, but the head is now located much lower in the body 
link system rather than at the end, as in normal stance. In a skilled hand balance, 
the relative use of these two feedback systems versus the faster reflex systems is 
not well-established.
It is hypothesized that a wrist strategy is used to maintain a hand balance 
and that the corrective torques at the shoulder and hip act synergistically in the 
same direction as the wrist torque. This study will use a single joint link model to 
formulate an expression for the controlling wrist torque in terms of mass center 
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displacement and velocity and will investigate the extent to which this strategy 
describes the performance of gymnasts.
Methods
Wrist Strategy
Suppose that the body is modeled as a rigid segment of mass m with mass center 
G at a fixed distance a from the fixed (wrist) axis J connecting the hand and body 
segments (Figure 1). The aim of this control strategy is to maintain the horizontal 
displacement x of the mass center G close to a value x
0
 using the (wrist) torque T 
as controller so that G remains vertically above the hand segment.
Taking moments about J gives the equation of motion as:
T – mgx = I¨ 
where I is the moment of inertia about J.
If φ is close to π/2, then x¨  –a¨ so that:
Replacing T
1
 = T – mgx
0
 and x
1
 = x – x
0
 gives:
Hip Strategy
Suppose that the body is modeled as a planar two-segment system connected by 
the (hip) joint J
2
 (Figure 2). The wrist strategy would require a wrist torque around 
J
1
 tending to increase φ
a
 together with a synergistic hip torque around J
2
 tending 
to increase φ
b
 or to resist any induced decrease in φ
b
. In contrast the hip strategy 
uses a torque T acting in the opposite direction (Figure 2). As a consequence, the 
direction of hip torque may be used as an indicator of which strategy is used.
Control Strategy
For the wrist strategy, the displacement x
1
 of the system is governed by equation 
(2), which may be written as:
x¨
1
(t) = k2x
1
(t) – eT
1
(t)
where t is the time.
If T
1
 is based on the displacement x
1
 and the velocity x
.
1
 at an earlier time due 
to the feedback time delay t
0
:
T
1
(t) = px
1
(t – t
0
) + dx
.
1
(t – t
0
)
(1)
(2)
x¨
x¨
1
(3)
(4)
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Figure 1 — A wrist joint model of hand balance control.
Figure 2 — A hip joint model of hand balance control.
Using Taylor Series, x
1
(t – t
0
) and x
.
1
(t – t
0
) may be approximated as:
x
1
(t – t
0
) = x
1
(t) – t
0 
x
.
1
(t) +  t
0
2x¨
1
(t)
x
.
1
(t – t
0
) = x
.
1
(t) – t
0 
x¨
1
(t)
Substituting into (3):
[1 – det
0
 +  pet
0
2]x¨
1
 + e[d – pt
0
]x
.
1
 + [ep – k2]x
1
 = 0
If each coefficient is positive, this is the equation for damped simple harmonic 
motion, and stable control will have been effected. The conditions for positive 
coefficients leads to:
(5)
(6)
(7)
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Providing t
0
 is not too large, there will be a range of values of p and d satisfying 
(8)–(10). For a given time delay t
0
, the range of values of p/dk that correspond to 
stable control is shown in Figure 3, which is based on (10). From (10) the limiting 
value of t
0
 is 2/k, with corresponding values of p = k2/e and d = 2k/e. This 
approximate solution is in close agreement with that of Yeadon and Mikulcik (1996). 
For typical inertia values, the maximum time delay t
0
 for wrist, shoulder, and hip 
strategies are each close to 0.5 s.
Data Collection
In accordance with University Ethical Advisory Committee procedures, informed 
consent was obtained from 4 skilled male gymnasts (age = 16.5 ± 2.9 years, mass 
= 52.4 ± 10.0 kg, height = 1.61 ± 0.07 m, wrist-to-mass center distance = 0.90 ± 
0.06 m) who performed handstands on a force platform. A calibration structure 
comprising six upright poles, each with five markers at vertical intervals of 0.5 
m, were positioned around a force plate (Kistler 9281-B12) forming a rectangular 
base of 1.025  0.910 m. Images of the calibration structure were recorded prior to 
the subject trials. Force and video data were recorded for each gymnast executing 
a series of handstand balances of 5 s in duration. Two genlocked video camera 
recorder systems (Sony Hi8, CCD and a Sony Hyper HAD 3CCD) were located 
on either side of the force plate, with the optical axis of each lens making an angle 
of 45° with the sagittal plane. The cameras operated at 50 fields per second with 
electronic shutters set to 1/215 s and 1/250 s, respectively. The force plate data were 
sampled via an analog-to-digital converter (CED1401) at 200 Hz. Force capture 
was triggered manually during a hand balance, and sequential illumination of an 
LED unit at 1-ms intervals permitted synchronization of the two sets of video data 
with the force data. Markers were positioned on the posterior surface of the body at 
points corresponding to joint centers. Personalized body segment inertia parameters 
were generated from anthropometric measurements using the inertia model of 
Yeadon (1990b), which also included a mass ratio correction factor to ensure that 
calculated body mass was identical to body mass obtained from weighing.
Data Processing
Video images of the calibration structure were manually digitized for each camera 
view. Camera calibration was effected using an 11 parameter Direct Linear 
Transformation procedure (Abdel-Aziz & Karara, 1971), and unbiased estimates 

(8)
(10)
(9)
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of reconstruction accuracy were determined. In each field of the two views of a 
hand balance, the images of the surface markers on the body were digitized, and 
three-dimensional coordinates were reconstructed along with reliability estimates. 
The offsets between markers and joint centers obtained from physical measurements 
were then used to obtain the coordinates of wrist, elbow, shoulder, hip, knee, and 
ankle joint centers together with finger, toe, and head center locations. Quintic 
splines (Wood & Jennings, 1979) were fitted to the coordinates to obtain interpolated 
values. By observing the number of illuminated LEDs in the unique initial video 
field, the time offset from the start of the force capture was determined, and matched 
force and interpolated video data were output at 50 Hz.
Joint center coordinates and segmental inertia parameters were used to obtain 
wrist, shoulder, and hip angles φ
a
, φ
b
, φ
c
 (Yeadon, 1990a), and segmental and 
whole-body mass center coordinates (Figure 4). A pseudo coordinate data set was 
obtained from the original coordinate data set by replacing each data point by the 
point representing the average between the preceding data point and proceeding data 
point. The difference values arising from these two data sets were used to estimate 
the precision of φ
a
, φ
b
, φ
c
, and the whole-body mass center displacement. Quintic 
splines were fitted to φ
a
, φ
b
, φ
c
, and first and second derivatives were calculated.
The double integral of fore-aft horizontal acceleration, obtained by dividing 
the horizontal force F
x
 by body mass, was subtracted from video-obtained whole-
body mass center position values. The resulting quantity was regressed against 
time and time squared to determine equation constants for initial position x
0
, initial 
velocity v
0
, and an error term e. Reevaluated mass center position values were 
determined using the following equation:
x = (F
x
/m)dt + x
0
 + v
0
t + et2
Furthermore, mass center velocity values were recalculated using the 
following equation:
v = (F
x
/m)dt + v
0
 + 2et
Figure 3 — The area under the graph corresponds to p, d, and t
0
 values for which there 
is stable control.
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The reevaluated displacements were derived from force data and thus 
considered to be more accurate than manually digitized displacement data estimates 
and their derivatives; the inclusion of the t2 term corrected for systematic force plate 
error. An additional (0.0040 ± 0.0026 m) systematic correction was applied to the 
body mass center values by minimizing the RMS difference between mass center 
and center of pressure position data so that mean values were identical (Gurfinkel et 
al., 1992). The precision of the new mass center displacement values was estimated 
in the same way as that of the video values using a pseudo data set.
Inverse Dynamics
Coordinate, force, and inertia data were combined to conduct two-dimensional 
inverse dynamics analysis. Each gymnast was represented by a four-segment model 
(Figure 4), consisting of a hand, arm, trunk+head, and leg segment, with three 
corresponding joints: wrist, shoulder, and hip.
For each of the four segments, equations of motion were developed giving 
three equations for each segment and 12 equations in total. Eliminating reactions 
at each of the three joints left six equations to be solved for six unknowns: T
1
, 
Figure 4 — Four-segment representation of gymnast in hand balance.
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T
2
, T
3
, ¨
a
, ¨
b
, ¨
c
  (see Appendix). Estimated values from splines for the angular 
accelerations were included as three further equations, giving nine equations that 
were solved in a linear, least-squares manner for three joint torques (and three 
angular accelerations) while preventing the occurrence of outlying torque values 
evident in the solving of the six equations (Figure 5).
Data Analysis
This study aimed to investigate the coordinated feedback strategy used to maintain 
balance in a handstand. In order to remove the confounding effects of high frequency 
vibrations due to muscle stiffness (Bach et al., 1983) and low frequency drift 
(Zatsiorsky & Duarte, 2000), the data were filtered. The resonance frequency due 
to the viscoelasticity of the ankle extensors is around 3 Hz (Bach et al., 1983) while, 
in quiet stance, more than 90% of the power spectrum is below 2 Hz, with peak 
power around 0.4 Hz (Soames & Atha, 1982), and the low frequency component is 
below 0.2 Hz (Winter et al., 1996). In the present study on hand balances, the mean 
frequency at which peak power occurred was 0.6 Hz, with 96% of the total power 
below 2 Hz. The calculated joint torques, mass center position, and velocity and 
angle derivative data sets were each linearly detrended using a least-squares line 
and fitted with a Fourier cosine series. These cosine series were filtered (truncated) 
below 0.2 Hz and above 2 Hz. The detrending also removed the systematic offsets 
arising from the mass center lying above the hand rather than the wrist center so 
that the detrended data oscillated about zero (Figures 6 & 7).
Multiple regressions of wrist torque T
1
(t) against mass center displacement 
x(t – t
0
) and velocity x
.
(t – t
0
) were conducted on all trials for time delays varying 
from 0 to 1 s taken at 0.02-s increments in order to determine the time delays 
corresponding to maximum R2. The shoulder and hip torques T
2
 and T
3
 were 
each regressed against T
1
 to verify that they acted synergistically with T
1
 and to 
investigate the hypothesis that the relationships between torques are fixed (Yang 
et al., 1990).
Figure 5 — Outlying torque values when solving from six equations.
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Figure 6 — Time histories of anterior-posterior mass center displacement for 
one example subject, raw data (x_raw) and data after filtering and detrending 
(x_filt&det).
Figure 7 — Time histories of wrist torque for one subject, including raw data (T1_raw) 
and data after filtering and detrending (T1_filt&det).
The theoretical torques T
2
’ and T
3
’ required at the shoulder and hip joints 
for maintaining a fixed body configuration in order to support control at the wrist 
were determined, detrended, and filtered. T
2
’ was calculated with the assumption 
that the hip joint was fixed, whereas T
3
’ was calculated using the actual motion at 
the shoulder joint. It should be noted that there is no ideal method of estimating the 
torques that would preserve configuration during a given movement if configuration 
changed in the actual movement. The actual torques T
2
 and T
3
 were then regressed 
against T
2
’ and T
3
’ at earlier times to establish the strength of the relationships and 
to determine any time delay between T
1
 and T
2
, and T
1
 and T
3
 involved in holding 
a fixed body configuration.
All regression analyses were also carried out with data that were detrended 
but not filtered above 2 Hz.
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Table 1 Regressions of Wrist torque T
1
(t) Against Mass Center Displacement x(t 
– t
0
) and Velocity x
.
(t – t
0
) for t
0
 That Maximises R2
Subject R2 Delay (ms) x coef x
.
 coef
A 0.76 240 785 280
B 0.74 200 644 255
C 0.86 220 875 232
D 0.75 160 870 107
Note. All regressions were significant at the 0.001 level. All data filtered above 2 Hz.
Results
The reconstruction errors of the calibration markers were 0.0033 m, 0.0027 m, 
and 0.0022 m in the anterior-posterior, medio-lateral and vertical directions, 
respectively. Average reliability estimates of the three-dimensional reconstruction 
of body landmarks ranged from 0.008 to 0.009 m. Precision estimates of the mass 
center location (obtained from digitization) ranged from 0.0016 to 0.0020 m, and 
precision estimates of angle values ranged from 0.9 to 1.2° across the four trials. 
Precision estimates of the mass center location (obtained from double integration 
of the force plate data) ranged from 0.00004 to 0.00008 m.
The wrist torque T
1
 was significantly (p < .001) correlated with the mass 
center displacement and velocity for each subject with estimated time delays ranging 
from 160 to 240 ms (Table 1). When unfiltered data were used, the time delays 
ranged from 160 to 180 ms (Table 2). The coefficient values can be compared with 
the theoretical values corresponding to maximum controllable delay time and the 
expected coefficient ranges for the estimated time delays obtained using inequalities 
(8), (9), and (10) (Table 3).
Table 2 Regressions of Wrist Torque T
1
(t) Against Mass Center Displacement and 
Velocity x
.
(t – t
0
) for t
0
 That Maximizes R2 
Subject R2 Delay (ms) x coef x
.
 coef
A 0.50 160  815 241
B 0.56 160  549 207
C 0.73 180 1006 195
D 0.56 160  596 145
Note. All regressions were significant at the .001 level. All data unfiltered.
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Figure 8 shows the results of regressions carried out between wrist torque 
and delayed mass center position, and velocity values for one typical trial. For 
each wrist torque, the largest amount of variance accounted for by x and x
.
 in a 
combined regression occurs at the estimated time delay. Univariate regressions of 
T
1
 against x and T
1
 against x
.
 are also shown. Note that at zero delay, T
1
 is negatively 
correlated with x
.
.
Figure 8 — Regressions of wrist torque T
1
(t) against displacement x(t – t
0
) and velocity 
x
.
(t – t
0
) for 0 < t
0
 < 1 s.
The regressions of T
2
 and T
3
 against T
1
 had positive coefficients (Tables 4 & 5), 
showing that the directions of the shoulder and hip torques were the same as that of 
the wrist torque, consistent with the use of the wrist strategy. The regressions of T
2
 
against the torque T
2
’ required to maintain a fixed configuration show a marginally 
stronger relationship (Table 4). The estimated time delay between T
2
 and T
2
’ was zero 
or close to zero in each case. The regressions of T
3
 against the torque T
3
’ required 
to maintain a fixed configuration show a stronger relationship than between T
3
 and 
T
1
 (Table 5). The estimated time delays between T
3
 and T
3
’ ranged from 20 to 80 
ms for filtered data but were zero for unfiltered data.
Table 3 Actual and Limiting Time Delays and the Corresponding Coefficients for 
Each Subject
Subject Delay (ms) x coefficient x
.
 coefficient
Actual Limit Min Max Limit Min Max Limit
A 240 491 541 2270 541 130 545 266
B 200 497 506 3120 506 101 622 251
C 220 475 609 2835 609 134 624 289
D 160 468 374 3198 374 60 512 175
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Discussion
The strategy used by each gymnast was a compensatory wrist torque to control 
the mass center displacement and velocity together with synergistic torques at the 
shoulder and hip generally acting in the same direction as the wrist torque. This 
was consistent with the results of Kerwin and Trewartha (2001) who found that 
wrist, shoulder, and hip torques were significantly correlated with mass center 
displacement, with wrist torque predominant. Another technique involving elbow 
flexion was evident in Slobonov and Newell (1996) and was probably adopted after 
a failure of wrist strategy to maintain balance. This is reflected in the mean range 
of 0.50 m in ankle displacement compared with 0.12 m in the present study.
The mathematical formulation of the wrist strategy based on a simple two-
segment model comprising the hand and remainder of the body was consistent 
with the statistical relationship between the wrist torque data expressed as a linear 
function of mass center displacement and velocity (Table 1). This relationship 
explained more than 74% of the variance in the wrist torque and gave regression 
coefficients comparable with those expected from theoretical considerations (Table 
3). While it is encouraging to have such a simple description of the overall strategy, 
there is still the unexplained variance to be accounted for. This may be a result of 
noise in the feedback information leading to errors in response, or it may indicate 
that the strategy used is somewhat different.
It is evident that the synergistic torques at the shoulder and hip were more 
complex than a simple proportion of the wrist torque although there was quite 
a strong correlation between shoulder torque and wrist torque (R2 > 0.76) and a 
weaker relationship (R2 < 0.64) between hip torque and wrist torque (Tables 4 & 5). 
The shoulder torque required to maintain a fixed-body configuration was slightly 
more strongly correlated (R2 > 0.77) with the actual torque and underestimated the 
actual torque by only 6% on average. The fixed configuration strategy explained 
more of the hip torque variance (R2 > 0.58) than a fixed proportion of wrist torque 
but underestimated the hip torque by 23% on average (Table 5). Whether this is a 
consequence of a different strategy being used is not clear.
Estimates of the delay in the feedback system ranged from 160 to 240 ms 
(Table 1). This delay includes the time for the torque to rise or fall to the required 
level once the change in enervation signal has arrived at the muscle motor units. 
Since the wrist flexor torque is always active in a hand balance (Figure 7), the time 
required to rise to a new level will be smaller than the 100 ms (Freund & Budingen, 
1978) required to ramp up from zero, say around 40 ms. The latency in the response 
of the enervation to the wrist flexor muscles will therefore range from around 120 
to 200 ms. Since visual and vestibular latencies are greater than 180 ms (Nashner, 
1976), a time delay of 120 ms suggests that visual and vestibular feedback were 
not used, whereas a delay of 200 ms suggests that visual or vestibular feedback 
was used. There is also the possibility that control based on visual and vestibular 
feedback augments the control based on proprioceptive feedback with long latency 
(100–150 ms), and the estimated time delays reflect the two delay times.
On the other hand, visual and vestibular feedback may be used to control 
the longer term stability of the system (Collins & De Luca, 1995a) and to correct 
for drift in the short delay controller. Since it is possible for an elite gymnast to 
perform hand balances with eyes closed, it may be that vision is only important 
for the short term controller in the learning stages (Gibson, 1958).
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The linear relationship between wrist torque and mass center displacement 
and velocity was still evident when unfiltered data was used (Table 2), although 
the correlations were smaller (0.50 < R2 < 0.73) as might be expected, since the 
high frequency components will appear mainly as noise. The estimated time delays 
were 40 ms shorter on average than those obtained from the data filtered above 2 
Hz. This might be expected, since the inclusion of the muscle stiffness response, 
which has a delay close to zero, will affect the overall estimated delay in this 
simplified model. There was little difference in the relationship between the actual 
shoulder torque and that required to maintain a fixed configuration when unfiltered 
data was used (Table 4). In the case of hip torque, the filtered data indicated an 
additional delay of around 50 ms relative to the wrist torque, while the unfiltered 
data had no such additional delay but exhibited lower correlations (Table 5). Again 
the response of muscle stiffness would be expected to reduce any such delay in the 
case of unfiltered data. Any delay in enervation of the hip extensors or flexors might 
be expected to be less than this 50 ms mean value, since the rise times of these 
muscles are greater than the 100 ms for the wrist flexors (Bobbert & Zandwijk, 
1999). However, the same tendency to have longer delays outwards along the link 
system has been observed in perturbations of normal stance, where the muscle 
latencies at the hip were, on average, around 27 ms greater than those at the knee, 
which in turn were some 20 ms greater than those at the ankle (Horak & Nashner, 
1986). The synergistic hip torque, which aims to preserve the hip angle, will be 
augmented by passive zero delay joint stiffness if the correct torque level is not 
generated. Additionally, it is conceivable that myotatic (short latency) reflexes also 
operate to help stabilize the joint and that the observed delays are a consequence 
of having a synergistic hip torque that is synchronous with the wrist torque and is 
augmented by a short latency reflex response.
This study has provided estimates of the feedback time delay in the control 
of hand balances. Previously, latencies have only been obtained for responses 
to perturbations of stance rather than for the control of quiet stance. Since more 
than one mechanism is used to effect overall control, it will be illuminating if the 
various contributions can be differentiated. Eklund and Löfstedt (1970) filtered 
ankle torque at different frequencies to separate out the information content of 
the signal. Collins and De Luca (1995b) used stabilogram-diffusion analysis to 
identify both short-term (<1 s) and long-term (>1 s) control schemes operating 
in quiet stance. Schumann et al. (1995) used a nonstationary spectral estimation 
technique to identify changes in the postural control system over time. Fitzpatrick 
et al. (1992) used cross-correlation and frequency analysis to demonstrate that much 
of the reflex response originates from lower limb mechanoreceptors stimulated 
by ankle rotation. Techniques of this type are needed to identify the roles of the 
different control mechanisms and their latencies.
While many torque-driven models of balance control have assumed zero 
response latencies (Barin, 1989; Camana et al., 1977; Hemami & Katbab, 1982) and 
a few have used non-zero latencies—30 ms (Wu & Zhao, 1997), 185 ms (Hemami 
et al., 1978)—it appears that only Wu and Zhao (1997) seem to have included an 
additional delay (40 ms) for the torque to rise or fall to a new level. This problem 
could be overcome by incorporating muscle models with activation dynamics into 
a link system model (He et al., 1991).
The mass center displacement and velocity values used by the wrist strategy 
may be obtained as linear functions of joint angles and angular velocities, which in 
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turn are provided by joint and muscle receptors. Additionally, mass center velocity 
might be provided by cutaneous receptors in the hands, since the vertical component 
of the ground reaction force should vary with the velocity squared (Horstmann & 
Dietz, 1990; Wu & Zhao, 1997).
Elite gymnasts have little difficulty in maintaining a hand balance with eyes 
closed but find greater difficulty if the neck is flexed reorienting the head and 
vestibular apparatus. The latter effect may be a consequence of placing the vestibular 
apparatus in an unfamiliar orientation or may suggest that some use is made of 
vestibular information in maintaining control. On the other hand, Fitzpatrick and 
McCloskey (1994) found that the vestibular system played no part in the perception 
of sway during normal standing.
While much is now known about the control of balance, it will continue to be 
a challenging area for research due to the complexity of the sensory system and the 
sensitivity of the adjustments made. Hand balances by elite gymnasts provide an 
alternative to normal stance for studying such control. The hand balance task differs 
in that symmetry, extension, and stillness are required (akin to standing to attention), 
whereas upright stance is generally not so tightly prescribed, the mass distribution 
and geometry as well as the location and orientation of the vestibular and visual 
apparatus within the link system are quite different, and the high tactile resolution 
of the hand may also be an important difference. Nevertheless the two tasks share 
common processes such as the estimation of the spatial arrangement and motion of 
the body, and the implementation of a multi-joint strategy to preserve orientation 
and configuration within certain constraints. As a consequence, an understanding 
of mechanisms or strategies in one task may lead to insights into the other.
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Appendix: Inverse Dynamics Equations
Nomenclature
H: hand segment
A: arm segment
B: body (trunk and head) segment
C: leg segment
J
1
: wrist joint
J
2
: shoulder joint
J
3
: hip joint
(x
i
, z
i
): joint center coordinates
(x
j
, z
j
): segment mass center coordinates
(x
p
, z
p
): point P of force application (z
p
 is assumed = 0)
x¨
j
: horizontal linear accelerations of segment mass centers
z¨
j
: vertical linear accelerations of segment mass centers
I
j
: moment of inertia about segment mass centers
¨
j
: segment angular accelerations
(i = 1, 3); (j = h, a, b, or c)
Resolving horizontally and vertically (Newton’s Second Law) and taking 
moments about the mass center (torque is the rate of change of angular momentum) 
for each of the four segments (H, A, B, C) results in 12 equations for six joint 
reaction forces, three torques, and three angular accelerations. Eliminating the joint 
reaction forces results in six equations for T
1
, T
2
, T
3
, ¨
a
, ¨
b
, ¨
c
. Alternatively, these 
six equations may be derived directly as follows:
Resolving vertically for the whole system (H, A, B, C) gives:
R – mg = m
a
z¨
a
 + m
b
z¨
b
 + m
c
z¨
c
Resolving horizontally for the whole system (H, A, B, C) gives:
F = m
a
x¨
a
 + m
b
x¨
b
 + m
c
x¨
c
Taking moments about J
1
 for H gives:
–T
1
 + F(z
1
 – z
p
) + R(x
p
 – x
1
) – m
h
g(x
h
 – x
1
) = 0
(A1)
(A2)
(A3)
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Taking moments about J
2
 for H and A gives:
–T
2
 + F(z
2
 – z
p
) – R(x
2
 – x
p
) + m
h
g(x
2
 – x
h
) + m
a
g(x
2
 – x
a
) =
I
a
¨
a
 + m
a
x¨
a
(z
2
 – z
a
) – m
a
z¨
a
(x
2
 – x
a
)
Taking moments about J
3
 for H, A, and B gives:
–T
3
 + F(z
3
 – z
p
) – R(x
3
 – x
p
) +
m
h
g(x
3
 – x
h
) + m
a
g(x
3
 – x
a
) + m
b
g(x
3
 – x
b
) =
I
a
¨
a
 + I
b
¨
b
 + m
a
x¨
a
(z
3
 – z
a
) + m
b
x¨
b
(z
3
 – z
b
) – m
a
z¨
a
(x
3
 – x
a
) – m
b
z¨
b
(x
3
 – x
b
)
Taking moments about P for the whole system gives:
–mg(x – x
p
) = I
a
¨
a
 + I
b
¨
b
 + I
c
¨
c
 – m
a
x¨
a
(z
a
 – z
p
) – m
b
x¨
b
(z
b
 – z
p
) –
m
c
x¨
c
(z
c
 – z
p
) + m
a
z¨
a
(x
a
 – x
p
) + m
b
z¨
b
(x
b
 – x
p
) + m
c
z¨
c
(x
c
 – x
p
)
Figure 9 — The four-segment model.
(A4)
(A5)
(A6)
428 Yeadon and Trewartha 429 Control Strategy for a Hand Balance
Using the representation below, trigonometric equivalents of segment mass center 
linear accelerations can be obtained by differentiating the position values twice.
φ
φ
φ
x
a
 = x
1
 + a
1
cosφ
a 
x¨
a
 = –a
1
sinφ
a
φ¨
a
 – a
1
cosφ
a
φ
.
a
2
z
a
 = z
1
 + a
1
sinφ
a 
z¨
a
 = –a
1
cosφ
a
φ¨
a
 – a
1
sinφ
a
φ
.
a
2
x
b
 = x
1
 + a
2
cosφ
a
 + b
1
cosφ
b 
x¨
b
 = –a
2
sinφ
a
φ¨
a
 – a
2
cosφ
a
φ
.
a
2 –
 b
1
sinφ
b
φ¨
b
 – b
1
cosφ
b
φ
.
b
2
z
b
 = z
1
 + a
2
sinφ
a
 + b
1
sinφ
b 
z¨
b
 = a
2
cosφ
a
φ¨
a
 – a
2
sinφ
a
φ
.
a
2 +
 b
1
cosφ
b
φ¨
b
 – b
1
sinφ
b
φ
.
b
2
x
c
 = x
1
 + a
2
cosφ
a
 + b
2
cosφb + c
1
cosφ
c 
x¨
c
 = –a
2
sinφ
a
φ¨
a
 – a
2
cosφ
a
φ
.
a
2 –
 b
2
sinφ
b
φ¨
b
 – b
2
cosφ
b
φ
.
b
2 – c
1
sinφ
c
φ¨
c
 –
 c
1
cosφ
c
φ
.
c
2
z
c
 = z
1
 + a
2
sinφ
a
 + b
2
sinφ
b
 + c
1
sinφ
c 
z¨
c
 = a
2
cosφ
a
φ¨
a
 – a
2
sinφ
a
φ
.
a
2 +
 b
2
cosφ
b
φ¨
b
 – b
2
sinφ
b
φ
.
b
2 + c
1
cosφ
c
φ¨
c
 –
 c
1
sinφ
c
φ
.
c
2
By substituting the trigonometric equivalents in place of the linear acceleration 
terms in equations (A1)–(A6) and rearranging terms, we obtain six linear equations 
in the following form to solve for the six unknowns T
1
, T
2
, T
3
, φ
.
a
, φ¨
b
, φ¨
c
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A
11
T
1
 + A
12
T
2
 + A
13
T
3
 + A
14
φ¨
a
 + A
15
φ¨
b
 + A
16
φ¨
c
 = B
1
A
21
T
1
 + A
22
T
2
 + A
23
T
3
 + A
24
φ¨
a
 + A
25
φ¨
b
 + A
26
φ¨
c
 = B
2
A
31
T
1
 + A
32
T
2
 + A
33
T
3
 + A
34
φ¨
a
 + A
35
φ¨
b
 + A
36
φ¨
c
 = B
3
A
41
T
1
 + A
42
T
2
 + A
43
T
3
 + A
44
φ¨
a
 + A
45
φ¨
b
 + A
46
φ¨
c
 = B
4
A
51
T
1
 + A
52
T
2
 + A
53
T
3
 + A
54
φ¨
a
 + A
55
φ¨
b
 + A
56
φ¨
c
 = B
5
A
61
T
1
 + A
62
T
2
 + A
63
T
3
 + A
64
φ¨
a
 + A
65
φ¨
b
 + A
66
φ¨
c
 = B
6
All of the terms held in the coefficients A
11
 through B
6
 can be derived from video 
or force data at each instant in time. A linear equation solver is used to determine 
estimates for the six unknowns at each time instant.
However, a number of the equation coefficients involve cosφ
a
, cosφ
b
, cosφ
c
, 
which result in singularities in the calculated torques and angular accelerations 
around φ
j
 = 90° (j = a, b, c). To avoid this problem, three more equations are added, 
using video estimates e
1
, e
2
, e
3
 of the angular accelerations φ¨
a
, φ¨
b
, φ¨
c
. These may 
be written as:
A
44
φ¨
a
 = A
44
 e
1
A
55
φ¨
b
 = A
55
 e
2
A
66
φ¨
c
 = A
66
 e
3
which matches the coefficients of φ¨
a
, φ¨
b
, φ¨
c
 in the last three of the six previous 
equations. This gives an over-determined system of nine equations for the six 
unknowns, and a least-squares equation solver results in solutions without 
singularities.
